Please cite only the published version using the reference above.
Introduction
The development of Passive Fault Current Limiting devices (FCL) for the protection of electronic systems has been required due to the increase in load growth in conjunction with a requirement for increased reliability. The basic technique uses a magnetic core that has been magnetically offset such that the material is fully saturated. When a winding around this core is connected as an inductor in series with a line, the inductance (and hence the impedance) is low and so the line current is allowed to pass through unhindered. If the current reaches a level high enough to bring the core material out of saturation, then the inductance will increase dramatically and block the current, thus providing current limiting.
A variety of techniques exist to accomplish the protection with the overall requirements for such systems discussed in [1] . The literature has extensive discussion of the range of approaches including Microprocessor control [2] , an Electromagnetic method [3] , Direct Cooled Tubular Element [4] , a tuned LC circuit [5] and numerous papers investigating the use of superconductors including [6, 7, 8] . These techniques all suffer to some extent from being complicated, expensive and difficult to implement. The use of permanent magnets to provide a cheap and simple alternative approach for magnetic offset in inductors has been presented by Mukhopadhyay et al [9] , Dawson, Yamada and Iwahara [10] , with specific tableau numerical methods introduced by Iwahara and Miyazawa [11] . More recent attempts have been made such as by Rozenshtein et al [15] separating the DC Bias and AC coils to improve the practical realization of the FCL. The permanent magnet approach has potential due to the low cost, simple construction and potentially good transition characteristics to and from the fault region of operation. The challenge for researchers in this field has been trading off the relative simplicity of the design, with the ability to accurately design the non-linear behavior accurately enough, and to be able to construct a practical FCL for a reasonable cost. Hall and Cheer [16] have investigated the use of ceramic based magnets to attempt to reduce the cost and complexity of the design. This is also an example of one approach to modelling these magnetic devices which is based on static finite element analysis of the device and then application of the resulting behavior into a circuit context. The previous work by Mukhopadhyay et al [9] has also modeled these devices using a simple piece wise linear (PWL) approximation of the non-linear behavior of the core material, however the comparison of simulated with measured results has been quantitatively deficient. The authors themselves make no claims in this regard with both the overall current limiting effect subject to large tolerances, and the comparison between measured and simulated curves shows significant differences. For this reason, this paper tackles the problem of accurate prediction of passive FCL behavior from the perspective of detailed nonlinear models of magnetic materials in conjunction with an electrical circuit models.
Modeling Philosophy
The regions of low and high permeability in a typical magnetic material are illustrated by Figure 1 , which shows how the permeability (and hence impedance) increases as the current deviates from its nominal operating condition in the low permeability region. One aspect of this type of approach is that if the Limiter is magnetically offset, then it can only limit the current deviations in one direction. To achieve bi-polar current limiting requires two of these devices, with the second device having the opposite magnetic offset.
It is clear from Figure 1 that if accurate models for the core material behavior could be obtained, then reliable predictions about the performance of the Passive Fault Current Limiter could potentially be achieved. In this paper, classical magnetic material and component modeling techniques previously developed [12] and [14] are applied to provide a much more accurate representation of the passive Fault Current Limiter behavior. The modeling was approached from a mixed-domain point of view, using a JilesAtherton magnetic material model including hysteresis and power loss [17, 18, 19, 20, 21] . By modeling the hystere- sis of the core material, the limit and recovery cycle can be predicted more accurately than previously obtained using the simple PWL approach. Measured and Simulated results were obtained for FCL components using an external permanent magnet Aspects of the FCL component are discussed including eddy currents, and the behavior of the permanent magnet.
Proposed Passive Fault Current Limiter Model
The basic idea of the passive fault current limiter proposed in [9] is to use a magnetic core with a permanent magnet inserted in the gap between the core halves to provide a magnetic offset. The physical configuration for an E type core is shown in Figure 2 . To model this type of component using a behavioral model requires three main elements, the non-linear magnetic core, the winding and the magnets. We can simplify this physical model into the three primary elements as shown in Figure 3 .
The model structure shows how we model the FCL using the electrical and magnetic domains. The advantage of this approach is that we can see in the simulation results how the flux and MMF behavior compares with the measured FCL directly. The non-linear core model is based on the well-known Jiles-Atherton approach [12, 13, 14] and the winding model is again the same as has been used pre- Of course, permanent magnets have a non-linear behavior just like any other magnetic material and if necessary a more accurate representation of the demagnetization curve of the material can be implemented as shown in Figure 6 .
In order to characterize this behaviour, a Langevin These approaches are satisfactory for most cases, and were used successfully in this project, but in fact the magnet behavior shown thus far is just a small section of an overall BH hysteresis loop which can be modeled using standard models such as Jiles-Atherton. This becomes important when the effect of magnet recoil is relevant to the behavior of the device. Figure 8 illustrates this aspect of the magnet's behavior. As the magnet is demagnetized (Path AB), if the applied field strength changes direction, then the magnet does not return back the same way, but traverses the BH loop across to the other side directly (Path BC and then to D). Thus the effective permeability is the same, but the flux density is much lower.
Implementing a very wide square loop of the kind shown in Figure 8 using the standard Jiles-Atherton model is not easy, as the equations are not designed for a Coercive Force of 10e6 At/m, and will potentially become unstable. To improve the robustness of the model therefore, the effective field strength was scaled in the magnet model by a large factor (e.g. 100,000 A/m) to keep the model within a sensible numerical region. With the range of models defined from a simple linear magnetic offset to more complex non-linear and hysteresis approaches, the application can be modeled with the required level of accuracy. As a benchmark and comparison, a single offset winding was added to the same core material to provide an alternative modeling representation. This was then compared, both with measured and simulated results, to establish the relative merits of the models used in each case.
Fault Current Limiter using a Permanent Magnet offset
In this section a practical Permanent Magnet FCL was constructed, tested and the results compared with the simulation model. Using the averaged BH curve and corresponding Impedance curve in Figure 9 , the characteristics of the FCL can be designed. If the nominal operating point is at A, then it can be seen that the slope of the BH curve is low, therefore the corresponding impedance at A is also low. This is the normal operating condition and the FCL does not limit the current. If the current is perturbed around this point, for small values of current perturbation there will be no impact on the waveform due to the FCL. If the current perturbation increases, however, to the extent that point B is reached, then the slope of the BH curve increases as does the impedance. This is the region (B) in which the impedance of the FCL causes limiting of the current. If the current continues to rise, despite the efforts of the FCL, and continues further into region C, the magnetic core will go back into saturation, with the result that the BH slope decreases, as does the impedance of the FCL. It is also clear from these graphs that to obtain bi-polar current limiting, two of these devices need to be placed in series, with opposite magnetic offsets. The basic design methodology uses the classical equation for inductance given in Eq. (1).
Where A is the cross sectional area of the core, l is the effective magnetic path length, N is the number of turns, µ 0 is the permeability of free space, and µ r is the relative permeability of the core material. When the material is in saturation (i.e. normal operation) the relative permeability is much lower, hence a lower inductance and impedance results than for the fault condition.
Construction and Measurement
The choice of a toroidal core type was made for a number of reasons. Primarily, the need to keep the modeling structure as simple as possible to reduce the probability of errors due to the complexity of the structure of say, a multiple section E core. This also allows pure analytical calculations to be carried out, estimating magnetic path lengths, and keeps the cross sectional area of the magnetic flux path constant. The choice of magnet also enables the flux path area to be the same shape and area as that of both the core and the magnet, reducing the errors introduced by fringing and leakage fluxes.
By reducing the complexity of the core/magnet combination to a toroid, the number of air gaps and magnets is also reduced, thus increasing the confidence in the model and simulation results. The prediction of the model parameters is also made simpler by this design decision. The FCL design layout used in this paper is shown in Figure 10 A secondary winding was wound around the outside to monitor the voltage across the toroid for the purposes of BH curve estimation (in all the measurement graphs, the initial Flux Density, B, has been assumed to be 0T, although in practice it will be a non-zero value. It is not possible from the voltage measurements alone to calculate any steady state initial flux conditions, unless the full start up transients are taken into the calculation). A current sense resistor was used in series with the winding to derive the current through the FCL inductor, and the line voltage from the source was also measured.
Measurement Results
To test the basic behavior of the FCL, a current sense resistor doubling as a load of 10Ω was used in series with the toroidal FCL. The secondary winding of 100 turns was used to measure the voltage and derive the flux density through the core. Using this configuration, a line voltage was applied to the FCL and Load combination, with the amplitude gradually increased until the FCL began to limit the line voltage and the frequency set to 100Hz. With low levels of voltage, the line current and sensed voltage across the FCL are nearly sinusoidal as shown in Figure 11 . This indicates that the FCL is operating in the saturated (linear) region, and has minimal effect on the waveform shape of the line voltage. This is confirmed when the Flux Density (B) and Magnetic Field Strength (H) in the core are calculated, the resulting BH curve is shown in Figure 12 . This shows that the permeability is effectively constant.
As the line voltage increases, or the load resistance is reduced to simulate the effect of a fault condition, the deviation of the current will push the core material out of saturation and cause a distortion of the line current, and provide effective fault current limiting. Using the same test configuration, the line voltage was increased, with the resulting line current and sensed voltage waveforms obtained in Figure 13 . As can be seen from Figure 13 , during the positive half cycle of the line current, there is a phase shift of the voltage, but no significant distortion, however, during the negative half cycle, the sensed voltage is limited and is due to the magnetic material coming out of saturation. This is clearly seen in Figure 14 , which shows the BH curve of the magnetic material under the same load and line conditions.
It is noticeable that the graph is no longer linear, and that the area of the BH curve is beginning to become visible, i.e. the core is moving into hysteresis. The load was then reduced to 0.5Ω, resulting in a simulation of a fault condition, such as a short across the line. When the BH curve is plotted under these conditions, the hysteresis behavior becomes pronounced as shown in Figure 15 . The frequency of the line voltage was reduced to 5Hz to reduce eddy currents in the magnet (and the resulting self-heating). Figure 15 illustrates one of the reasons why using a sim- 
Comparison of Simulated and Measured Results
In order to model the fault current limiter used to obtain the measurements, the structure previously described in Figure  3 was used. A non-linear model of the magnetic core material (3F3) was used, characterized using the techniques described previously in previous work in modeling the behavior of magnetic materials. This was then combined with a simple linear model of the permanent magnet in the first instance and the measured line voltage was used as the stimulus to allow a direct comparison with the measured results. The BH curve shown in Figure 16 shows the comparison between the BH curves and the measured and simulated flux densities (Bmeas and Bsim respectively) are shown plotted against time in Figure 17 . In both cases an offset was added to the derived, measured flux density (Bmeas) for easy comparison with the simulated equivalent. It is clear that despite accurate material modeling of the 3F3 material, and a simple configuration, there were some problems with the results. Looking at the BH curves, it is clear that the simulated BH curve is fatter and steeper than the measured equivalent. This seems to indicate an aspect figure 10 .18 is observed, it appears that there also may be a phase shift introduced that is not included in the model.
The material model characterization software [21] was modified to allow the characterization of the Jiles-Atherton model in combination with a permanent magnet offset. Tests using this approach improve the matching of the BH curve, but the phase difference in the time domain remains.
Magnet Model Modification
The magnet model was modified using the model structure shown in Figure 18 . This extends the basic linear model of a reluctance in series with a magnetic field strength (H) offset in the magnetic domain, by including a magnetic capacitor element across the reluctance of the magnet. This combination gives a dependence of the magnetic reluctance with frequency, that can provide a phase shift commensurate with the measured data.
Using this modified model, with a reluctance of 100k, and a magnetic capacitance of 0.5 µF, the phase shift error was corrected as shown in figure 19 . These values were obtained by optimizing the reluctance and capacitance values using iterative simulations in SPICE. Using this modification is clearly non-physical, as a magnetic capacitance is a pure energy source, but it is a simple method of improving the phase behavior of the model compared to the measured results. It is clearly a weakness of the existing magnet mod- 
Conclusions
The results obtained of the behaviour of the fault current limiting inductor using a non-linear Jiles-Atherton core model have shown that by using a true hysteresis model, the BH trajectory of the FCL can be predicted using simulation and matched closely to the physical device under fault and nominal conditions. With reference to the previous work in [9] and [10] , one of the deficiencies with the models used was the lack of true hysteresis behavior, leading to discrepancies between the simulated and measured results showing up as asymmetry in the line voltage and current waveforms. The authors did not explain these discrepancies, but it is clear from BH curves in the tests carried out that such asymmetry could result from hysteresis in the magnetic core material. By using a mixed-technology approach to modeling the magnetic elements in the FCL, this aspect of the component can be modeled more accurately, and allows a higher level of confidence in the design of the FCL.
Potential for Further Work
The modeling effort has primarily concentrated on the magnetic core material behavior, while using a fairly simple linear magnet model. The FCL design is primarily for use at low frequencies (¡100Hz), and modeling of eddy currents in the magnet has been neglected. Despite these omissions, the results have had adequate accuracy for this application. Experimental work previously carried out at higher frequencies, however, has highlighted the potential problems of eddy currents in the magnet, to the extent of thermal demagnetization occurring. Useful future work could therefore be carried out in this area, extending the magnet model to include hysteresis, and using eddy current models.
